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Background: Histone H3 clipping has been reported in chicken liver tissues and not in brain.
Results: Glutamate dehydrogenase (GDH) is a histone H3-specific protease that clips free and chromatin-bound histone H3.
Conclusion: GDH has the potential to act as a chromatin modifier and thereby regulates chromatin metabolism.
Significance: GDH has been for the first time implicated in an epigenetic process.

Clipping of histone tails has been reported in several organ-
isms. However, the significance and regulation of histone tail
clipping largely remains unclear. According to recent discover-
ies H3 clipping has been found to be involved in regulation of
gene expression and chromatin dynamics. Earlier we had pro-
vided evidence of tissue-specific proteolytic processing of his-
tone H3 inWhite Leghorn chicken liver nuclei. In this study we
identify a novel activity of glutamate dehydrogenase (GDH) as a
histone H3-specific protease in chicken liver tissue. This prote-
ase activity is regulated by divalent ions and thiol-disulfide con-
version in vitro. GDH specifically clips H3 in its free as well as
chromatin-bound form. Furthermore, we have found an inhibi-
tor that inhibits the H3-clipping activity of GDH. Like previ-
ously reported proteases, GDH too may have the potential to
regulate/modulate post-translational modifications of histone
H3by removing theN-terminal residues of the histone. In short,
our findings identify an unexpected proteolytic activity of GDH
specific to histoneH3 that is regulated by redox state, ionic con-
centrations, and a cellular inhibitor in vitro.

In eukaryotes, DNA is tightly wrapped around highly basic
and evolutionarily conserved histone proteins in the form of
chromatin (1). The fundamental subunit of chromatin is the
nucleosome that consists of 146 base pairs of DNA and an octa-
mer of histone proteins containing twomolecules of each,H2A,
H2B,H3, andH4. Themain functions of chromatin are to pack-
age the several billions of base pairs of DNA, prevent DNA
damage, and regulate replication and transcription. Nucleo-
somes are highly dynamic structurally and functionally (2, 3).
The structure of the nucleosome can be remodeled in various
ways, including replacement of canonical histoneswith special-
ized histone variants, post-translational modification of his-

tones, sliding of the nucleosome particle, and partial or com-
plete removal of histones from the DNA (4–6). The regulation
of chromatin structure is controlled by the dynamic interplay
between sequence-specific DNA-binding proteins, histone
variants, histone-modifying enzymes, chromatin-associated
proteins, histone chaperones, ATP-dependent nucleosome
remodelers, proteolytic clipping of histone tails, etc. The role of
chemical and physical changes in the chromatin has been well
established (7–11); very little is known about how proteolytic
clipping of histone tails regulates gene expression.
H2A-specific protease activity has been reported to pro-

duce a pentadecapeptide from the C terminus of H2A by
cutting between Val-114 and Leu-115. The resulting H2A-
H2B dimer has been demonstrated to have a reduced affinity
for the H3-H4 tetramer, which thereby destabilizes the
structure of nucleosome (12–14). Based on in vitro biochem-
ical experiments, it is speculated that this function may facil-
itate transcription or replication. In Chlamydia trachomatis,
chromatin decondensation, which occurs during the early
life cycle, has been correlated with C-terminal proteolysis of
the histone H1-like Hc1 protein by the EUO gene-encoded
protease (15). In Tetrahymena, transcriptionally inactive
micronuclei and transcriptionally active macronuclei were
found to be different in terms of histone composition.
Macronuclear linker histone H1 and histone H3 were found
to be proteolytically cleaved, a process that has been
described as a physiologically and developmentally regulated
event (16–18). Nucleotide-stimulated proteolysis of H1 has
been found in human lymphocytes (19). Also, 21 amino acid
residues from the N-terminal tail of histone H4 seem to be
proteolytically removed from the macronuclear genome
during conjugation in Tetrahymena. Disappearance of his-
tone H3 has also been observed in foot mouth disease virus-
infected cells (20–22). Recently, cathepsin L has been shown
to cleave the N terminus of histone H3, an event that is
required for stem cell differentiation in mammals (23). In
yeast, an unidentified serine protease has been found to
cleave histone H3 and regulate the expression of stationary
and sporulation-specific genes (24). A cysteine protease
activity in chicken liver, specific for histone H3 (CLH3p), has
been reported by us (25).
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It is well documented that the enzyme glutamate dehydro-
genase is localized in the nucleus in addition to mitochondrial
matrix and endoplasmic reticulum (ER).2 However, the role of
glutamate dehydrogenase (GDH) in the nucleus has not been
elucidated yet. Here, in vitro biochemical studies show that
CLH3p is in fact GDH, which has H3 protease activity. Mass
spectrometric analysis of the CLH3p band purified in our pre-
vious study (25) revealed the protease to be GDH, but we were
initially inclined to disregard it as a possible artifact. However,
just for confirmation, we purified GDH from rough endoplas-
mic reticulum (RER) where its presence is already reported
(26). Surprisingly, we found GDH to possess the H3 tail-clip-
ping activity. We also show that this activity of GDH can be
affected by alteration in redox state (through thiol-disulfide
conversion) and the concentration ofmetal ions in vitro besides
other factors such as pH, temperature, and salt concentration.
GDH was found to interact with the core histone tails but clip
only histoneH3 in its free and chromatin-bound form. Further-
more, we detected the presence of a physiological inhibitor of
the protease activity possessed by GDH. Thus, we have identi-
fied a novelH3-clipping activity ofGDHpurified fromRER that
may regulate gene expression by modulating chromatin struc-
ture and function.

EXPERIMENTAL PROCEDURES

Purification of H3-specific Protease from the Microsomes—
Liver, brain, and blood from freshly sacrificed adult White
Leghorn chicken were used in this study. Chicken tissues from
sacrificed chickens were transported on ice from the slaughter
house under approval from the Institutional BiosafetyCommit-
tee. The animalswere not sacrificed by the authors of this study.
Microsomal extracts were prepared as described earlier (27).
Liver tissue was homogenized in solution (0.34 M sucrose, 15
mM Tris-Cl, pH 7.5, 15 mM NaCl, 60 mM KCl, 0.5 mM spermi-
dine, 0.15 mM spermine, 0.2 mM EDTA, 0.5 mM EGTA, 15 mM

�-ME, 0.2 mM PMSF) to make 10% homogenate followed by
centrifugation at 5000 � g and 27,000 � g to pellet the nuclei
and mitochondria, respectively. Microsomal fraction was col-
lected by centrifugation at 105,000 � g and extracted with 0.2%
Triton X-100 followed by precipitation with 30% ammonium
sulfate. Desalted extract was heat-treated (50 °C for 1 h). Clear
supernatant was applied on HiTrap DEAE-Sepharose (GE
Healthcare) and eluted with linear (50–250mM) NaCl gradient
in 25mMTris-Cl, pH7.5, buffer containing 0.2mMEDTA, 1mM

�-ME, and 10% glycerol. Protein fractions eluted between 60
and 250 mM NaCl were collected and applied on HiTrap Hep-
arinHP column (GEHealthcare) and elutedwith linear 50–500
mMNaCl gradient in buffer (25mMTris-Cl, pH 7.0, buffer con-
taining 0.2 mM EDTA, 1 mM �-ME, and 10% glycerol). Protein
fractions eluted between 330 and 450 mM NaCl gradient were
collected and further purified by hydroxyapatite chromatogra-
phy and elutedwith a linear (20–50mM) sodiumphosphate, pH
7.2, gradient. The eluted proteins were precipitated with 40%
ammonium sulfate and then further purified through size-ex-

clusion chromatography (Biosuite 125 column,Waters)with 20
mM sodium phosphate, pH 7.2, buffer containing 100mMNaCl
at a flow rate of 0.55 ml/min. Purification of the protease (H3-
clipping activity) was monitored at every step by in vitro prote-
ase assay. For quantification purposes, the amount of pure
GDH that cleaves 50% of the total intact H3 in an assay in 15
min at 37 °C was arbitrarily set as 1 unit. The total amount of
proteins in fractions obtained after each step was determined
by the Bradford protein assay. Total activity was calculated as
the activity (units) measured in the volume of fraction used for
the assaymultiplied by the fraction total volume. Specific activ-
ity of the proteasewas determined as the ratio of total activity to
total amount of proteins after each step of purification. Yield
was calculated by determining the activity retained after each
step as a percentage of the activity in microsomal extract. The
amount of activity in the microsomal extract was taken to be
100%. The ratio of specific activity of a fraction after any step to
that of the microsomal fraction gave the purification fold
obtained. We attempted to determine the in vivo protease
expression profile in other tissues (brain, kidney, heart, eryth-
rocyte, heart, and muscle) by preparing whole cell extracts and
subjecting the extracts to immunoblot analysis. Protease from
chicken brain and rat liver tissues was partially purified follow-
ing the same protocol used for the preparation of histone
H3-specific protease from chicken liver tissue up to the micro-
somal extract preparation step after which the extract was sub-
jected to Superose 6 column chromatography using dialysis
buffer (25 mM Tris-Cl, pH 7.5, 100 mM NaCl, 1 mM �-ME, 0.2
mM EDTA, 10% glycerol).
Identification of Proteins byMass Spectrometry—In the active

fractions from the Biosuite 125 column, a protein band that
correlated with H3-clipping activity was identified by mass
spectrometry (28). An�55-kDa protein band was excised from
SDS-PAGEgel and subjected to in-gel digestion. The dried pep-
tides were subjected to standard nano-RP-LC. Peptides were
identified by LTQ-Orbitrap MS/MS analysis on MASCOT
using Proteome Discoverer 1.3 software having Swiss-Prot as
database. The protein that correlated with H3-clipping activity
was identified as glutamate dehydrogenase.
Immunoprecipitation—Active fractions after HiTrap DEAE-

Sepharose column were pooled and used as input for im-
munoprecipitation. GLUD1 antibody (anti-GDH) (Sigma,
SAB2100932-50UG) and protein G-Sepharose were used for
pulling down the antigen-antibody complex. Protein G-Sep-
harose beads alone were taken as negative control. Histone H3
protease activity and the presence of GDH were determined in
immunoprecipitation fractions.
Preparation of ER Proteins—Proteins from chicken liver ER

were prepared according to the procedure described previously
(26).
Preparation of Histones from Chicken Brain—Nuclei were

purified by centrifugation. Nuclei were then washed with 0.5 M

NaCl. Histones were extracted from purified nuclei by 0.4 N

H2SO4 or purified by chromatography over a hydroxyapatite
column at 2.5 M NaCl as described earlier (25).
Preparation of Recombinant GDH—Competent Escherichia

coli BL21 (DE3) was transformed with mouse GLUD1 ORF
clone (with N-His tag) carrying bacterial expression vector

2 The abbreviations used are: ER, endoplasmic reticulum; RER, rough ER; GDH,
glutamate dehydrogenase; rGDH, recombinant GDH; �-ME, �-mercapto-
ethanol; PIC, protease inhibitor mixture; BME, brain microsomal extract.
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pReceiver-B01 (Creative Biogene), and the transformants were
plated on antibiotic containing LB-agar medium. The trans-
formed cells were then grown until A600 reached 0.6, after
which 0.5mM IPTGwas added to the culture, and the cells were
allowed to grow at 37 °C for 3 h. The cells were harvested and
lysed by sonication in lysis buffer (20 mM sodium phosphate
buffer, pH 7.4, 500 mM NaCl, 10 mM �-ME, 1 mM EDTA, pro-
tease inhibitor mixture (PIC), and PMSF) containing 2%Triton
X-100, and proteins were extracted from inclusion bodies using
7 M urea. Soluble proteins were dialyzed against dialysis buffer
(25 mM Tris-Cl, pH 7.5, 200 mM NaCl, 0.2 mM EDTA, 10 mM

�-ME, 10% glycerol). For further purification, nickel nitrilotri-
acetic acid column chromatography was used. As a negative
control, uninduced cells were subjected to the same purifica-
tion procedure, and the activity of the resultant fraction (mock
GDH) was determined via an assay. The recombinant GDH
(rGDH) prepared above was separated on a Sephacryl S-200
size-exclusion column, and the elution profile was compared
with that of chicken liver GDH separated on the same column.
Fractions were resolved on 10% SDS-PAGE.
In Vitro Characterization of Protease Activity of GDH—To

examine the H3-clipping activity, an in vitro assay was devel-
oped as described earlier (25). In brief, core histones were incu-
bated with microsomal/ER extracts or fractions from purifica-
tion steps for about 1–2h at 37 °C in a buffer (10mMHEPES, pH
5.5, 100 mM NaCl, 0.2 mM EDTA, 1 mM �-ME, 10% glycerol).
Reaction was stopped by boiling the whole reaction content in
SDS-PAGE loading dye followed by 15% SDS-PAGE. H3-clip-
ping activity was correlated with disappearance of H3 band in
SDS-PAGE gel. Effect of temperature on the H3-clipping activ-
ity was tested by preincubating purified protease at different
temperatures (40, 50, 60, 70, and 80 °C) for 2 h and thenmixing
with core histones. Finally, the protease-histone mixtures too
were incubated at the mentioned temperatures for 2 h. To find
out the optimum pH for protease activity, histone and protease
were incubated at different pH (pH 7.5, 5.5, and 8.8). Optimum
salt concentrations for protease assay were also tested by incu-
bating histone and protease mixtures in the presence of
increasing concentrations (0.15, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 M) of
NaCl. The effect of ions on protease activity was examined by
an in vitro assay as described above in the presence of increasing
concentrations of ions. The various ions used are: Mg2� (mag-
nesiumchloride: 1, 2, 4, and 5mM), Ca2� (calciumchloride: 1, 2,
4, and 5 mM), Zn2� (zinc chloride: 0.1, 0.25, 0.35, and 0.5 mM),
Cd2� (cadmium sulfate, 0.1, 0.5, and 1 mM), Cu2� (copper sul-
fate, 0.01, 0.05, and 0.1 mM), and Ni2� (nickel sulfate, 0.1, 0.25,
and 0.5 mM). Protease activity in the presence of divalent cat-
ions was also tested in presence of EDTA. To further charac-
terize the protease activity, assays were performed in the pres-
ence of various concentrations of �-mercaptoethanol (1, 2, 5,
10, and 20 mM), which is a disulfide bond (-S-S-) reducing
agent, diamide (50, 75, 100, 250, and 500 �M), which oxidizes
the sulfhydryl (-SH) group, and both (0.1, 0.2, 0.4, 0.5, and 1mM

�-mercaptoethanol and constant 500 �M diamide concentra-
tion). The substrate specificity of the protease was tested
through in vitro assays performed with individual recombinant
histones (H3, H2B, H2A, H4) gifted by Professor Karolin Luger
at Colorado StateUniversity. In vivo hexamericGDH from liver

microsomal extract separated on Superose 6 chromatography
was treated with 20 mM �-mercaptoethanol containing dialysis
buffer for 5 h before using in protease assay.
Histone-GDH Interactions—Abiotin peptide pulldown assay

was performed to determine the interaction of GDH with syn-
thetic peptides: H3 (1–23)-Biotin, H3 (25–37)-Biotin, H4
(1–23)-Biotin (Biopeptide Co.), and H3 (13–37)-Biotin (from
BioConcept Labs Pvt. Ltd.). The peptide-bound resin (Avidin-
agarose, Pierce) was prepared as described (29). The avidin-
bound peptides were resuspended in 400 �l of PBS to prepare
50% slurry. 100 �l of this slurry was used for each pulldown
assay wherein peptide beads were equilibrated with binding
buffer (10 mM HEPES, pH 5.5, 100 mM NaCl, 1 mM �-ME, 0.2
mM EDTA, and 10% glycerol). Avidin beads without peptide
were taken as the negative control. Precleared liver endo-
plasmic reticulum protease extract (active fractions from gel
filtration) was added to peptide-bound as well as control
beads and incubated with rotation at 4 °C for 1 h. Beads were
spun at low speed, and flow-through was collected. Beads
were washed 10 times with binding buffer, and bound frac-
tion was eluted with (10 mM HEPES, pH 5.5, 200/300/500
mM NaCl, 1 mM �-ME, 0.2 mM EDTA, and 10% glycerol).
Input (liver endoplasmic reticulum), flow-through, washes,
and elutions were tested for H3-clipping activity and the
presence of GDH by immunoblotting.
Expression and Purification of GST-fused Histone Tails—

Constructs for expression and purification of histone tails were
gifted by the Roeder Laboratory (The Rockefeller University).
TheN-terminal tail sequences of histones corresponded to res-
idues 1–38 for H2A, 1–33 for H2B, 1–41 for H3, and 1–36 for
H4. The purification of the GST-tagged tails of core histones
was carried out as described earlier (30). The constructs were
transformed in BL21 (DE3) pRARE strain. Cultures were
induced with 1 mM isopropyl 1-thio-�-D-galactopyranoside for
3 h. Whole cell lysates were prepared from 1 liter of culture by
sonication and then incubated with 0.4 ml of glutathione-Sep-
harose 4B beads (Amersham Biosciences) in buffer (20 mM

Tris-Cl, pH 7.5, 250 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1%
Triton X-100) for 2 h at 4 °C. The protein-bound resins were
washed with wash buffer (20mMTris-Cl, pH 7.5, 250mMNaCl,
2mMEDTA, and 2mMEGTA). Elutionwas performed 10 times
using 1 ml of wash buffer, pH 8.0, containing 20 mM glutathi-
one. The elutions were concentrated and dialyzed against
buffer (25 mM Tris-Cl, pH 7.5, 100 mM NaCl, 0.2 mM EDTA, 1
mM �-ME, and 10% glycerol).
Histone Protease Interactions by Surface Plasmon Resonance

(SPR)—All experiments were carried out using Biacore T200
SPR sensor (Biacore) with Biacore T200 Evaluation Software
1.0 and sensor chip CM5 (carboxymethylated dextran surface).
All assays were carried out at 25 °C. Purified GDH was immo-
bilized (6002 relative units) via amine coupling in the experi-
mental flow cell. Purified recombinant core histones in prote-
ase assay buffer were individually injected as analyte on the
reference and experimental flow cell at a flow rate of 20�l/min.
The flow cell system was then regenerated with 10 mM glycine,
pH 2.5.
Histone H3-clipping Site Identification Edman Degradation—

Pure recombinant histone H3 was subjected to digestion by the
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protease, and the digest was resolved by 18% SDS-PAGE. The
histone H3 sub-bands were excised and sequenced by the
Edman Degradation method.
Western Blotting—The following primary antibodies were

used for Western blotting: General H3 (1:3000) (Abcam,
1791), TBP (1:1000), GAPDH (1:3000) (Abcam, 37168),
Lamin A (1:1000) (Abcam, 26300), PDIA4 (1:1000) (Sigma,
SAB2103112–50UG), tubulin (1:500) (Sigma, T3526), and
GLUD1 (anti-GDH) (1:500) (Sigma, SAB2100932-50UG). Sec-
ondary antibodies were IR dye-labeled, purchased from
LI-COR. Signals were detected using a LI-COR automated
infrared imaging system.
Preparation of Soluble Chromatin from Chicken Brain—Sol-

uble chromatin was prepared from chicken brain tissue. 10%
tissue homogenate was prepared as mentioned earlier. Nuclei
were isolated, washed 4 times with HB buffer (20 mM HEPES,
pH 7.5, 0.4 M NaCl, 1 mM �-mercaptoethanol, 10% glycerol,
0.1% Nonidet P-40, 1 mM EDTA, and PIC with hand homoge-
nization after every wash. Chromatin was further washed twice
with 0.4 M NaCl containing HAP buffer (50 mM phosphate
buffer, pH6.8, 1mM �-mercaptoethanol, andPIC)with homog-
enization. The chromatin thus prepared was resuspended and
sonicated in 0.1 M NaCl containing HAP buffer (lacking the
PIC). The sonicated chromatin was centrifuged to yield soluble
chromatin as supernatant. Free DNA was prepared from chro-
matin by phenol-chloroform-isoamyl alcohol method.
Preparation of Histone H3-specific Protease Inhibitor—Mi-

crosomal extract was prepared from chicken brain tissue fol-
lowing the protocol for preparation of microsomes from liver
tissue. This extract was subjected to Superose 6 size exclusion
chromatography. The inhibitor-containing fractions were
pooled and resolved by high resolution size exclusion chroma-
tography (Biosuite 125 HPLC column).
Image Acquisition, Processing, and Quantification—Ethid-

ium bromide-stained gels were visualized and photographed
using the Fujifilm LAS-4000 mini gel doc system. The image
processing softwareMulti Gauge providedwith the gel-docwas
used for processing. For imaging Coomassie and silver-stained
gels, the HP Scanjet G2410 scanner was used. Li-Cor images
were processed with the Odyssey software package. The
Microsoft Office Picture Manager was used for the cropping
andminor processing of the gel pictures. Quantification of pro-
tein band intensities was done using the ImageJ software.

RESULTS

Purification of a Histone H3-specific Protease Activity from
Microsomes of Chicken Liver—HistoneH3-clipping activity has
been reported earlier in several organisms such as chicken,
mammals, yeast, and Tetrahymena. However, biochemical
characterization as well as physiological significance of H3-
clipping proteases is not clear. To study subcellular distribution
and for further characterization of the chicken liverH3-specific
protease activity, we decided to make the extracts from nuclei
and a cytosolic preparation,microsomes, which include ER and
Golgi complexes and are closely associatedwith nuclei. Because
the preparation of nuclei by the ultracentrifugation method
yields only a very small amount of pure nuclei, we found itmore
feasible to purify the protease from the microsomes, which

could be prepared in larger amounts from the same amount of
tissue. Purity of the extracts was verified by Western blotting
using antibodies specific to ER and nuclear proteins (Fig. 1,
A–C). We then, as shown in schematic (Fig. 1, A and B),
employed various protein purification procedures to purify the
H3-specific protease activity from the microsomes. Progress of
the purification from all the steps was monitored by an in vitro
protease assay, as described under “Experimental Procedures.”
In our entire study clipping activity has been correlatedwith the
degradation of histone H3 upon incubation of core histones
with the microsomal extracts or fractions from purification
steps. We assayed the activity of the protease by incubating it
with brain core histones for different time points and quantified
the activity in terms of the amount of intact H3 present (Fig. 1,
D and E).
Identification of the HistoneH3 Protease—After the final step

of purification i.e. size exclusion chromatography (Biosuite
125) (Fig. 2A), the protein band (Fig. 2B, upper panel), which
was congruent withH3-clipping activity (Fig. 2C), was analyzed
by mass spectrometry (supplemental Table S1). Based on the
mass analysis, the protein bandwas identified asGDH (Fig. 2D).
The presence of GDH in active fractions was verified by West-
ern blotting (Fig. 2B, lower panel). The purification profile was
monitored in terms of specific activity (1 unit of enzyme was
arbitrarily defined as the amount of enzyme required to cleave
50% of intact histone H3 in 15 min at 37 °C) of GDH and its
enrichment after every purification step (Fig. 3, A and B). Fur-
ther evidence for the protease activity of GDHwas provided by
conducting immunoprecipitation using GDH antibody (Fig.
4A, upper panel) and confirming the presence of GDH in the
immunoprecipitate by immunoblotting (Fig. 4A, lower panel).
The protease activity of the immunoprecipitated GDH was
assayed and quantified (Fig. 4B). To enable comment on the
cellular localization of the protease, we tried a biochemical
approach. As it is already known that GDH is present in RER
(26), we modified our procedure to prepare pure RER and
exclude Golgi bodies from the microsomal fraction. The RER
protein fraction showed protease activity (Fig. 4C). Immuno-
blot analysis of the fraction confirmed the presence of GDH in
the active fraction (Fig. 4D).
Mammalian GDH Purified from Rat Liver Shows Histone

H3-clipping Activity—To determine if GDH from mammals
also possesses the histone H3-clipping activity, we chose rat as
a suitable model. Microsomal extract prepared from rat liver
tissue was used for a time point protease assay (Fig. 5,A and B),
which proved the presence of protease activity in the mamma-
lian system also. The protease activity was partially purified
from the microsomal extract by size exclusion chromatogra-
phy. The presence of GDH in the active fractions (Fig. 5, C and
D) was confirmed.
Recombinant GDH Shows Histone H3-clipping Activity—Be-

cause we had already confirmed the protease activity of mam-
malian GDH, we expressed and purified recombinant (His-
tagged) mouse GDH from E. coli (Fig. 6,A and B). The protease
activity of recombinant GDH was determined by a time point
assay, quantified, and compared with mock GDH (Fig. 6, C and
D). The results revealed that the recombinant GDH had very
low specific activity of 34.78 units/mg of protein. Because the

GDH Is a Histone H3-specific Protease

18746 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 26 • JUNE 28, 2013



FIGURE 1. Scheme to purify H3-clipping activity from microsomes. A, shown is a schematic of the preparation of microsomal extract from chicken liver
tissue. B, shown is a scheme for the purification of H3-clipping protease from microsomal extract. C, Western blot analysis determined the purity of the
microsomal extract prepared. Antibodies used for the Western blot are indicated on the right of the respective figure panels. D and E, shown is a time point
assay of protease activity purified according to the above scheme and its quantification.

FIGURE 2. Purification of H3 protease activity from chicken liver microsomes. A, shown is biosuite 125 size-exclusion column chromatography of purified
protease (Fig. 1B). B, fractions from Biosuite 125 size-exclusion column (final step in the purification protocol) were analyzed on 10% SDS-PAGE (upper panel).
M stands for protein marker/ladder. Numbers on the top of the gel picture denote fraction numbers. Western analysis of the same fractions was performed using
anti-GDH (anti-GLUD1) antibody to determine the presence of GDH (lower panel). C, the histone-clipping assay using the Biosuite 125 column fractions
(numbers on top of the lanes) show the activity of the protease. Un, undigested brain core histones for control. In, input The contents of H3-clipping assay were
resolved by 15% SDS-PAGE. D, shown is mass-spectrometric identification of the protease band purified after the Biosuite 125 column. The sequence is chicken
GDH. The sequences in red underlined font are the sequences of the peptides detected and are identified by mass spectrometry.
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protease activity was low, we subjected the purified rGDH to
size-exclusion chromatography (Fig. 6E, upper panel). The elu-
tion profile was compared with that of GDH purified from
chicken liver (Fig. 6E, lower panel).We observed that rGDHdid
not show the typical elution profile expected for monomeric
active GDH. To further confirm that the protease activity was
shown by GDH (and not by any contaminating protein), we
performed a protease assay with GDH purified from rat,

chicken (Fig. 6F, left panel), and with the recombinant GDH
(Fig. 6F, right panel) in the absence and presence of increasing
concentrations of E-64, a specific cysteine protease inhibitor.
We observed and quantified (Fig. 6G) the gradual inhibition of
protease activity of GDH in presence of E-64.
Activity of GDH Is Regulated by Temperature, Salt Concen-

tration, pH, Ions, and Thiol-disulfide Conversion in Vitro—Pro-
teases are characterized by their biochemical properties, like

FIGURE 3. Purification profile of GDH. A, shown is purification of GDH (Fig. 1B). The active fractions after each step of purification were loaded on 10%
SDS-polyacrylamide gel (upper panel) to analyze the purification profile of GDH. These fractions were also probed by immunoblotting using anti-GDH (anti-
GLUD1) antibody to confirm the purification of GDH (lower panel). B, a purification table of GDH is shown.

FIGURE 4. Immunoprecipitation of GDH. A, immunoprecipitation (IP) fractions eluted from anti-GDH antibody beads or unmodified beads as control were
resolved and visualized on 10% silver-stained SDS-PAGE (upper panel). Western blot analysis of the fractions for the detection of GDH was conducted using
anti-GDH (anti-GLUD1) antibody (lower panel). B, shown is a H3 protease activity assay with immunoprecipitation fractions and quantification of the activity. In,
input. C, shown is thr presence of protease activity in the ER. A small volume from the fractions containing ER proteins was incubated with brain core histones
that were then resolved by 15% SDS-PAGE. Un, undigested core histones. D, shown is an immunoblot analysis of microsomal and ER extract using anti-GDH
antibody.
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optimum pH, temperature, molecular weight, effect of ions,
and critical amino acid(s) required for the catalytic activity.
Therefore, to study the structure-function relationship of GDH
and identify the optimum conditions for the activity, we per-
formed protease assays at increasing temperatures, different
pH values, varying concentrations of various divalent ions, and
in the presence of reducing and oxidizing agents. First, we per-
formed a temperature-dependent assay (Fig. 7A) and found the
protease activity of GDH to be quite stable up to 60 °C. Decline
in the activity beyond 60 °C is due to thermal denaturation.Also
we found that it shows maximum activity at pH 5.5 (Fig. 7B).
Inhibition of the protease activity above 0.2 M sodium chloride
(Fig. 7C) suggests that protease functions at physiological salt
concentrations. Because the protease is a cysteine protease, as
demonstrated in our previous study (25), to find out the effect
of ions on this activity of GDH we performed in vitro protease
assays in presence of various ions such as Ca2�, Mg2�, Ni2�,
Zn2�, Cd2�, and Cu2� (Fig. 7D). The metal ions like Ni2�,
Zn2�, Cd2�, and Cu2� showed inhibitory effect on the clipping
activity ofGDH,whereasCa2� andMg2� ions did not show any
significant inhibition. This specific inhibition by certain diva-
lent metal ions concurs with the fact that GDH has cysteine
residues essential for the protease activity (31). The inhibitory

effect of metal ions was found to be suppressed in the presence
of EDTA, which chelates the ions, indicating that binding of
metal ions is reversible (Fig. 7E). Inhibition of the protease
activity bymetal ions reveals that protease activity of GDHmay
be regulated by cellular ionic concentrations. The requirement
of cysteine thiol group for the activity of GDHwas further con-
firmed by in vitro protease assays in the presence of �-ME, a
disulfide reducing agent, or diamide, an oxidizing agent.
Although �-ME did not exert any inhibitory effect, we found
complete inhibition of the protease activity in the presence of
diamide, suggesting that GDH shows activity only in reducing
conditions (Fig. 7F). This inhibitory effect of diamide was
reversed by �-mercaptoethanol, which further suggests that
thiol-disulfide conversion regulates the activity of the protease
(Fig. 7G). Furthermore, we found an interesting correlation
betweenH3-clipping activity of GDHand its alteredmobility in
non-reducing SDS-PAGE after treatments with diamide or
�-mercaptoethanol or both (Fig. 7H). To confirm the result, we
performed immunoblot analysis of the same with anti-GDH
antibody (Fig. 7I).We found that only monomeric GDH profile
correlated with the maximum H3-clipping activity (Fig. 7J).
Hexameric form of GDH is already known to be present in
vivo. To show that the protease activity of GDH correlated

FIGURE 5. Rat liver GDH has histone H3-clipping activity. A, shown is a time point assay with microsomal extract from rat liver. The extract prepared
from the liver tissue was incubated with core histones at 37 °C for different durations (minutes of incubation are shown on the top of the gel). Un,
undigested, denoting undigested core histones. The reaction mixtures were resolved on 15% SDS-polyacrylamide gel. B, shown is quantification of
protease activity from rat liver. The protease activity of rat liver microsomal extract was quantified in terms of the amount of intact H3 present after the
assay in A. C and D, shown is coelution of protease activity and GDH. Partial purification of protease activity of GDH from the rat liver microsomal extract
was performed. The microsomal extract from rat liver tissue was subjected to size exclusion chromatography on a Superose 6 column. The chromatog-
raphy fractions were assayed for the presence of the histone H3-specific tail-clipping activity (C) and GDH by immunoblotting using anti-GDH (anti-
GLUD1) antibody (D). In, input.
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with the in vivo presence of monomeric GDH and not hexa-
meric GDH, we first resolved the microsomal extract on a
size exclusion column, tracked the protease activity via
assays performed with the fractions of the chromatography
(Fig. 7K, upper panel), and finally determined the presence of
GDH monomer and hexamer in the fraction via immuno-
blotting (Fig. 7K, lower panel). We saw that the in vitro activ-
ity profile coincided with that of in vivo monomeric GDH,
whereas hexameric GDH did not show any significant pro-
tease activity. However, upon incubation of hexameric GDH
with 20 mM �-mercaptoethanol for 5 h, protease activity was
observed (Fig. 7L).
GDH Interacts with Tails of Core Histones but Clips Only

Histone H3—To examine the binding of GDH with the core
histone tails, we employed two methods; peptide pulldown
assays with biotin-fused histone H3 and H4 tail peptides and in
vitro clipping assays in the presence of increasing amounts of
GST-histone tails. We found GDH to interact with H3 (1–23),
H3 (13–37), and H4 (1–23) peptides but not with H3 (25–37)
peptide (Fig. 8, A, B, and D). In these assays we observed that
GDH eluted at lower salt concentration (200 mM NaCl) from

H3 (13–37) peptide as compared with the salt concentration
(300mMNaCl) required to elute GDH fromH4 (1–23) peptide.
Elutions from H3 (13–37) and from only avidin beads were
assayed for the presence of GDH by immunoblotting (Fig. 8C).
These results suggest that GDH interacts with H3 N-terminal
tail but not with the region beyond the proposed cleavage site
(between residues 23 and 27) (see below) (25). Binding of GDH
with the core histones was further analyzed by adding purified
GST-histone tails in the protease reaction containing core his-
tones and protease. We purified the GST fusion of all the core
histone tails to study the interaction between GDH and core
histones.We found that GST-tails of all core histones inhibited
the protease activity of GDH, which reveals that it probably
interacts with all core histone tails but clips only H3 (Fig. 8,
E–H). For control we also performed the clipping assays in the
presence of equivalent amounts of only GST, BSA, and buffer
(pH 7.5 buffer in which GST-histone tails were dissolved) (Fig.
8,H and I). Only GST, BSA, and buffer did not show any signif-
icant inhibition. The inhibition due to GST-H3 was quantified
with that due to only GST as reference in terms of amount of
intact H3 (Fig. 8J).

FIGURE 6. Recombinant mouse GDH shows histone H3-specific protease activity. A, shown is purification of recombinant mouse GDH. The His-tagged
mouse GDH was purified from inclusion bodies by urea extraction followed by nickel nitrilotriacetic acid affinity column. M, protein molecular weight marker;
In, urea-extracted proteins from inclusion bodies; Ft, flow-through; W1, W2, and W3, first, third, and fifth washes; E1 and E3, first and third elutions at the
mentioned imidazole concentrations. The band corresponding to recombinant GDH is marked as rGDH. B, the presence of mouse rGDH through its purification
profile was detected by immunoblotting using anti-GDH (anti-GLUD1) antibody of the fractions in A. C, shown is a time point assay of protease activity of rGDH
(left panel) and mock GDH (right panel). Un, undigested. D, shown is quantification of protease activity of rGDH compared with mock GDH. E, shown is a
comparison of gel filtration profiles of rGDH (upper panel) and chicken liver GDH (lower panel) on Sephacryl S-200 size-exclusion chromatography column.
Fractions (numbers on top of the gel) were resolved on 10% SDS-PAGE. M, marker; In, input. Elution positions of molecular weight standards are shown on top.
F, shown is an inhibition assay with E-64. The protease activity of GDH purified from rat and chicken liver microsomes was shown to be inhibited by increasing
concentrations of E-64 (0, 5, 10, 20, 50 �M) (left panel). E-64 also inhibited protease activity of recombinant mouse GDH (right panel). G, shown is quantification
of the protease activity of GDH in the presence of the inhibitor.
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SPR Analysis Confirms the Interaction of GDH with Core
Histones—SPR experiments conducted using immobilized
GDH and the individual core histones as the analyte confirmed
that GDH interacts preferentially and stably with histone H3
and H4 (Fig. 9, A and D). The interaction of GDH with histone
H2A and H2B was relatively transient and less stable as indi-
cated by dropping relative units during the association phase
itself (Fig. 9, B and C). The binding kinetics for GDH-core his-
tone interactions were globally fit to a 1:1 Langmuir binding

reactionmodelwith the on (kon) and off (koff) rate constants and
Kd values listed (Fig. 9E). GDHdisplays altered binding kinetics
and affinities during interactions with different core histones.
The GDH-H3 interaction yields a kon rate of 102 M�1s�1 and a
koff rate of 1.67 � 10�7 s�1. The calculated equilibrium disso-
ciation constant Kd is 0.167 nM for GDH:H3. The GDH:H2A
interaction yields a kon rate of 2.36 � 105 M�1s�1 and a koff rate
of 1.91 � 10�2 s�1. The kon rate constants for GDH-H2B and
GDH-H4 interactions are 2.94 � 106 and 9.81 � 104 M�1s�1,

FIGURE 7. Activity of GDH is regulated by divalent ions, temperature, pH, salt, and thiol-disulfide conversion. Lanes marked Un have undigested histones
as references, and M stands for protein marker/ladder. Dig, digestion of H3 upon incubation of core histones with the protease under optimal in vitro assay
conditions. A–J, GDH activity on brain core histones was assayed after GDH preincubation for 2 h at various temperatures (A), with buffers at various pH values
(B) or supplemented with NaCl (C), divalent cation salts (D), ZnCl2 in the presence of EDTA (E), �-mercaptoethanol (F, top panel), diamide (F, bottom panel), or
�-mercaptoethanol with diamide (G). The effect of diamide and/or �-mercaptoethanol on GDH was analyzed after a 1-h treatment by silver-stained SDS-PAGE
(H), by Western blotting with anti-GDH antibody (I), with molecular weight markers, and by determining H3-clipping activity (J). K, shown is the presence of
monomeric as well as hexameric GDH in vivo. Chicken liver microsomal extract was separated on Superose 6 column, and the fractions were used for protease
assay (upper panel). Elution position of molecular mass standards are shown on top of the gel. The protease activity elution coincided with that of monomeric
GDH (and not hexameric GDH) in immunoblot analysis using anti-GDH (anti-GLUD1) antibody (lower panel). L, in vivo inactive hexameric GDH shows clipping
activity (upper panel) after incubation with �-mercaptoethanol. The H3-clipping activity of hexameric GDH (with or without incubation with �-mercaptoeth-
anol) was quantified (lower panel).
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whereas the koff rate constants for the interactions are 2.49 �
10�2 and 2.45 � 10�3 s�1.
Histone H3-clipping Site Exists after H3 Lys-23 and Lys-27—

In our previous study (25), through analysis of the gel electro-
phoresis profile of in vitro digested histone H3 and intact core
histones, we estimated one of the clipping sites to be near Lys-
27. By immunoblot analysis of histones prepared from chicken
liver using antibodies against the post-translational modifica-
tionsH3K23ac,H3K27me2, andH3K27ac, we had observed the
presence of Lys-27 and absence of Lys23 in in vivo clipped his-
tone H3 (25). This indicated that the clipping site(s) existed
between residues Lys-23 and Lys-27. For confirmation, we
sequenced the histone H3 sub-bands produced by in vitro pro-
tease assay by Edmandegradationmethod and found two cleav-
age sites, one between Lys-23 andAla-24 and the other between
Lys-27 and Ser-28 (Fig. 10).
GDH Clips Free as Well as Chromatin-bound Histone H3—

To ascertain the specificity of GDH, the most logical and con-
vincing course of actionwas to determine if the enzyme showed
its activity on non-substrate proteins similar to the substrate
(histoneH3). Because the histones are evolutionarily conserved
and quite similar to each other in terms of the charges present
on theirN-terminal tail domains, the choice of core histones for
the substrate-specificity assay was the most obvious one. We
found our protease to be highly specific to histone H3, as it did
not degrade any other core histone (Fig. 11A). Because histones
exist in both forms, free form as well as chromatin-bound form

in the cell, to examine whether GDH can also clip chromatin-
bound H3 we prepared soluble chromatin from brain tissue and
determined its integrity at 4 and 37 °C and also in the presence of
GDH (at 37 °C) (Fig. 11B, left panel). We also determined the
integrity ofDNAextracted fromdigested andundigested chroma-
tin (Fig. 11B, right panel). An assay was conducted by incubating
the soluble chromatin in the presence of GDH. We observed the
disappearance of intact H3 upon longer incubation (Fig. 11C). In
our time point assay, free histoneH3was found to bemore acces-
sible to GDH than chromatin-boundH3 (Fig. 11D).
An Inhibitor of Protease Activity of GDH Exists in Brain

Tissue—Assays with liver and brain microsomal extracts (LME
and BME, respectively) showed the protease activity to be tis-
sue-specific (Fig. 12A). Therefore, we also analyzed the tissue-
specific expression of GDH in liver, brain, kidney, heart, mus-
cle, and erythrocytes of chicken (Fig. 12, B and C, upper panel).
There could be two reasons for the lack of histone H3-clipping
activity in crude brain microsomal extract; first, the expression
of GDH in brain is almost 7-fold less (Fig. 12C, lower panel) as
compared with that in liver, and second, a physiological inhib-
itor of protease activity of GDH may exist in brain. Size exclu-
sion chromatography of the brainmicrosomal extract led to the
separation of the active GDH from the inhibitory factor. Prote-
ase assay with these gel filtration fractions revealed the pres-
ence of active GDH with protease activity in brain when incu-
bated for a longer time (Fig. 12D).Moreover, an inhibition assay
with the BER Superose 6 fractions (Fig. 13A, upper panel)

FIGURE 8. GDH interacts with all the core histones but clips only H3. In all gel pictures, lanes marked Un have undigested chicken brain core histones for
reference. In is brain core histones digested by input, which is GDH active fraction. A, GDH pulldown by biotin-modified H3 (1–23) peptide conjugated to avidin
beads using unmodified beads as control was fractionates into flow-through (FT), wash (W), and elution (E) preparations, incubated with brain core histones,
and analyzed for H3-clipping activity on 15% SDS-PAGE. B, shown is a clipping assay from the fractions of peptide pulldown of GDH with biotin-labeled H3
(13–37) peptide and H4 (1–23) peptide. E0.2, E0.3, and E0.5 denote elutions in the presence of 0.2, 0.3, and 0.5 M NaCl. C, immunoblot analysis determines the
presence of GDH in the peptide pulldown fractions using H3 (13–37) peptide. D, shown is a clipping assay from the fractions of peptide pulldown of GDH with
H3 (25–37) peptide. E–H, shown is competitive inhibition of GDH by GST-histone tails. GST-tagged tails of histone H3 (residues 1– 41) (E), histone H4 (residues
1–36) (F), histone H2A (residues 1–38) (G), and histone H2B (residues 1–33) (first six lanes of panel H) were used. Increasing amounts of GST-tagged tails were
added to the brain core histones and GDH in assay buffer, incubated at 37 °C for 1 h, and then resolved on 15% SDS-PAGE. The control experiments
were performed by using increasing amounts of pH 7.5 buffer (last six lanes of panel H) in the reaction mixtures (instead of GST-histone tails) to verify that the
inhibition was not caused by higher pH. Protease assay in the presence of pure GST and BSA proteins (I) served as controls. J, shown is quantification of protease
activity inhibition due to GST-H3 tails as compared with same due to GST.
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showed the presence of a low molecular weight inhibitor in
fraction 64 (BME64) (Fig. 13A, lower panel). To determine if the
inhibition could be reversed by the addition of �-mercaptoeth-
anol, we carried out an assay in the presence of excess �-mer-
captoethanol (20 mM). We found the inhibition to be irrevers-
ible in reducing conditions (Fig. 13B). The BME64 fraction was
further purified through a high resolution size-exclusion col-
umn (Fig. 13E), and inhibitor activity in the fractionswas exam-
ined as above (Fig. 13F). On the basis of gel filtration profile of
the inhibitor, we estimate the size of the inhibitor to be �15
kDa. An enzymatic activity can be inhibited by four mecha-
nisms: competitive inhibition (wherein the inhibitor occupies/
masks the active site), non-competitive inhibition (the inhibitor
may bind to the enzyme or the enzyme-substrate complex irre-
spective of the binding of the substrate), uncompetitive inhibi-
tion (the inhibitor binds only to the enzyme-substrate com-

plex), and irreversible inhibition (covalent interaction of
inhibitor with the enzyme may occur inactivating the enzyme
permanently). The possibility of inhibition by covalent disulfide
bond formation between the protease and inhibitor was ruled out
because the inhibition could not be reversed even in the presence
of high �-mercaptoethanol concentration (Fig. 13B). The mini-
mum inhibitory concentration of inhibitor was optimized (Fig.
13C) to determine anoptimumdose for competitive assays,which
helped us rule out competitive inhibition as a mechanism in play.
This could be inferred because increasing concentrations of the
substrate (histones) couldnot recover theactivity (Fig. 13D).How-
ever, themechanism of protease inhibition is not yet clear. Exper-
iments are in progress to resolve this issue.

DISCUSSION

A few studies have demonstrated proteolysis of histones in
different organisms. Despite significant progress in character-
ization of proteolytic processing of histones, the regulation and
physiological role of it largely remains unclear. Our data sug-
gest that the well known GDH possesses a novel H3-clipping
activity in chicken tissues.
Assays with GDH prepared from rat liver tissue confirm that

mammalian GDH also possesses the histone H3-specific clip-
ping activity, thereby indicating that this protease activity of
GDH may be evolutionarily conserved. We have also shown
recombinant mouse GDH to possess the protease activity.

FIGURE 9. Surface plasmon resonance analysis of GDH interactions. A–D, interaction of GDH with core histones was analyzed by SPR-recombinant histone
H3 (A), H2A (B), H2B (C), and H4 (D). E, binding kinetics of GDH is shown. The Kd, kon, and koff rate contants for the GDH-H3, GDH-H2A, GDH-H2B, and GDH-H4
interactions are shown.

FIGURE 10. Cleavage sites preferred by GDH in histone H3. Two cleavage
sites in histone H3 were revealed by Edman sequencing of clipped H3. His-
tone H3 sub-bands produced in in vitro protease assay were sequenced by
Edman degradation method. The clipping sites identified in the H3 N-termi-
nal tail sequence are indicated.
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However, the clipping activity of recombinant GDHwas found
to be less as compared with that of GDH purified from chicken
and rat tissues. In fact, the activity of rGDH was almost 575
times lesser than that of chicken liver GDH, amounting to a
specific activity of 34.78 units/mg of protein.We surmised that
this could have been because of the presence of lessmonomeric
rGDHandmore hexameric rGDH.The size-exclusion chroma-
tography profile of rGDH, however, shows that the rGDH pre-
pared was neither hexameric GDH (else it would have eluted
earlier) nor did its profile coincide completely with that of
active chicken liver GDH. To confirm the same, we treated the
rGDHwith 20 mM �-mercaptoethanol for 5 h before setting an
assay. We still did not observe any significant increase in activ-
ity (data not shown). This indicated that the rGDH prepared
was probably misfolded or that it lacks some necessary post-
translational modification(s) or cofactor(s). The inhibition of
protease activity of biochemically purified GDH (from rat and
chicken) and recombinant GDH (from E. coli) in the presence
of a cysteine protease-specific inhibitor ruled out the possibility
of histone H3 tail clipping by any contaminating proteins.
According to our in vitro characterization experiments, the

activity of GDH is probably modulated by one or more of the
following factors: physiological inhibitor, redox state, and cel-
lular ionic concentration.
The physiologically relevant inhibition of protease activity

purified in this study by divalent cations like Zn2�, Cu2�, etc.
has also been demonstrated in our in vitro protease assays.
However, cations like Ca2� and Mg2� do not show any signif-
icant effect on protease activity of GDH.
Also, previous studies (31) have shown that the activity of

thiol-disulfide conversion-regulated enzymes can be altered/

affected by the presence of divalent metal ions. Furthermore,
cysteine proteases have the ability to bind metal ions like zinc,
indicating that the possibility of the presence of a regulatory
mechanism involving metal ions for GDH is not far-fetched
indeed. Because we know that our protease activity is cysteine-
dependent and that GDH has cysteine residues, the inhibition
of the protease activity was expected.
We have shown the protease activity of GDH to be depend-

ent on the presence of reducing environment in vitro. This sug-
gests that the cysteine residue(s) in the molecule needs to be in
its reduced thiol form and not in the oxidized disulfide state.
Treatment with diamide, which oxidizes cysteine residues to
form disulfide linkages, leads to hexamerization of GDH.
Because only the monomeric form (and not the hexameric
form) displays significant protease activity, it is likely that the
cysteine residue(s) that is involved in hexamerization is also
critical for protease activity (thus corroborating the inference
that GDH is a cysteine protease). According to structural stud-
ies, it is the C-domain that is involved in multimerization of
GDH (32, 33). Therefore, it is possible that this domain is
directly or indirectly involved in the protease activity. However,
we did not find any of the various known cysteine protease
sequencemotifs in the protein sequence of chicken GDH avail-
able in the Protein Data Bank.
The canonical GDH activity is known to be optimal only

between near-neutral and alkaline pH (34), whereas the prote-
ase activity is significantly inhibited at this pH.This implies that
GDH possesses its canonical dehydrogenase activity when in
neutral pH and the protease activity only when it is introduced
in a microenvironment that favors maintenance of the cysteine
residue(s) in its reduced form. Also, the canonical activity of

FIGURE 11. GDH clips free as well as chromatin-bound histone H3. A, shown is a protease assay with the standard preparation of brain core histones and pure
recombinant histones H3, H2B, H2A, and H4. B, integrity of soluble chromatin was evaluated after incubation for 7 h at 4 °C or at 37 °C without and with GDH
(left panel), DNA purification, and electrophoresis on 1.2% agarose gel (right panel). M stands for DNA marker/ladder. C, shown is a protease assay with soluble
chromatin incubated for 7 h at 37 °C. D, shown is a comparison of protease activity of GDH on free core histones and chromatin-bound histones using time
point assay (upper panel) and its quantification (lower panel) after incubations for 1, 2, 4, or 10 h at 37 °C.
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GDH is shownby the hexameric form,which lacks protease activ-
ity. However, we have shown that under highly reducing condi-
tions, the hexameric form too can show the clipping activity. This
could be a result of the conversion of inactive hexameric form to
active monomeric form. Therefore, it is possible that the cellular
redox state toomodulates the protease activity of GDH.
GDH interacts with all core histone tails but with different

affinities. The affinity of GDH for H4 tail seems to be the high-
est as higher salt concentration was required to elute the bound
GDH. However, the most stable interaction occurs with both
H3 and H4 as suggested by the SPR analysis. Binding pattern of
GDH with H4 reveals an ideal interaction curve with a stable
association and a proper dissociation phase. However, in the
case of H3, the dissociation curve is lacking, which might
be because of the formation and stability of enzyme-substrate
complex in the experimental time-frame chosen. On the other
hand, interactions of GDH with histone H2A and H2B are
rather weak and transient. Such binding patterns of GDH with
the core histones suggest an interaction with the nucleosome/
chromatin. This is supported by the observation of protease
activity on soluble chromatin lending the GDH protein a phys-
iological relevance as a chromatin modifier.

Through Edman sequencing of the histone H3 sub-bands
produced in in vitro protease assay, we have mapped two dif-
ferent cleavage sites (between Lys-23 and Ala-24 and between
Lys-27 and Ser-28) preferred by GDH on histone H3. On dena-
turing polyacrylamide gels, one of the clipped products
migrates with histone H2B and another migrates between his-
tone H2B and H2A (probable cleavage site between Lys-23 and
Ala-24). However, upon incubating histone H3 with the prote-
ase for longer duration (3 h), we also saw another band migrat-
ing just faster than in vivo produced clipped H3 (�H3) (25).
This faster migrating band seems to be the result of cleavage
between Lys-27 and Ser-28. Because core histones prepared
from chicken liver show the presence of only clippedH3 (�H3),
it is possible that some additional factors in the cell determine/
regulate the cleavage site specificity of GDH in vivo.
In this study we have also partially purified a physiological

inhibitor of the protease activity of GDH from chicken brain. On
the basis of its elution profile from size exclusion column, the
inhibitor is an �15-kDa molecule comparable to histone H3 in
size.We ruled out the possibility that the undigested band seen in
inhibition reactions is the inhibitor (and not intact H3) because
there was no increase in the intensity of histone H2B band (an

FIGURE 12. Tissue-specific expression of GDH. Un stands for undigested core histones. A, shown is protease activity of GDH in chicken liver (LME) and brain
(BME) microsomal extracts incubated for 1 h at 37 °C and analyzed on 15% SDS-PAGE. B, whole cell extracts were prepared from various tissues (indicated on
top of the gel) were run on 10% SDS-PAGE. C, an immunoblot analysis shows the presence of GDH. Equal amounts of whole cell extracts were transferred and
immunoblotted using anti-GDH (anti-GLUD1) antibody to determine the expression of GDH in the different tissues (upper panel). The GDH present in the
tissues was then quantified (lower panel). D, brain microsomal extract was fractionated by Superose 6 size exclusion chromatography. Protease activity in
fractions, noted above the gel lanes, was determined by incubation with core histones for 4 h at 37 °C.
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indication of H3 digestion because one of the H3 sub-bands
migrateswithhistoneH2B).More studiesneed tobe conducted to
identify the inhibitor, find out if the inhibitor too is expressed in a
tissue-specific manner, and reveal the mechanism of inhibition.
Chromatin modifiers are known to be active regulators of

gene expression in the cell. Earlier studies have shown that an
unidentified serine protease reportedly regulates yeast gene
expression during the stationary and sporulation phase. The
identification and characterization of developmentally regu-
lated H3 cleavage by cathepsin L during ESC differentiation in
mouse has also been reported recently (23). Cathepsin L is also
known to regulate gene expression, and such can be the case
with GDH as well albeit under certain conditions.
In the near future we plan to address some additional funda-

mental questions about the physiological significance of the
protease activity of GDH in the context of gene expression.
First, How is the protease activity of GDH regulated by epige-
netic modifications? Second, What is the fate of cleaved H3? Is
it replaced or recycled during DNA replication or transcrip-
tion?We have screened for GDH activity in liver and brain and
found it in both. Third, because the inhibitor seems to be a
critical factor with the potential to regulate the tissue and tem-

poral specificity of this activity, we also wish to identify the
inhibitor and its expression profile.
Finally, an unanticipated outcomeof our studywas the impli-

cation of GDH in an epigenetic process with which it had never
been known to be associated. The study heralds advanced
research that will eventually lead to a better understanding of
the process of epigenetic regulation by histone tail clipping.
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FIGURE 13. Identification of an inhibitor that inhibits the protease activity of GDH. A, BME was fractionated on the Superose 6 column, and the protein
profile was evaluated on 10% SDS-PAGE (upper panel). The presence of an inhibitor specific to GDH was examined by incubating equal volumes of each fraction
with core histones and GDH in assay buffer (lower panel) for 2 h at 37 °C. Reaction mixtures were resolved on 15% SDS-PAGE. Undigested brain core histones
(Un) were loaded as reference. In, input. The BME fraction 64 was further purified through a high resolution size-exclusion column (Biosuite 125, Waters) (E) and
tested for inhibitor activity as above (F). B, increasing concentrations of �-mercaptoethanol did not reverse the effect of inhibitor. Undigested histones and
histones with GDH but without inhibitor were incubated as controls. The whole reaction mixture was resolved on 15% SDS-PAGE. C and D, increasing amounts
of inhibitor from fraction 64 were added to the assay with proper controls (C). The addition of increasing amounts of core histones to the assay did not reverse
inhibition (D). An assay with the highest amount of core histones with GDH and without inhibitor was used as the control (third lane). After incubation for 2 h
at 37 °C, reaction products were resolved on 15% SDS-PAGE.
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